Abstruct-Since our previous analysis of optimized operating temperature of superconducting cavities in an accelerator a decade ago, significant additional information has been discovered about SRF cavities. The most significant is the Qo (quality factor) shift across the Lambda line at higher gradients as a result of a slope in Q,, vs. E,,, above Lambda. This is a result of the changing heat conduction conditions. We will discuss temperature optimizations as a function of gradient and frequency. The refrigeration hardware impacts and changes in cycle efficiency will be presented.
I. BACKGROUND
The Qo (quality factor) is given by the relationship 1 / Q,, = 1 IQ, + 1 / Q,, where the first component is caused by localized resistive areas where defects, impurities, or surface dirt disturbs the superconducting properties. The second component, the BCS resistance (Bardeen, Cooper, Schrieffer), is due to the unbound Cooper Pairs of electrons.
In our 1986 analysis for CW operation [l] we used the approximate equation for total power in Wlm : p, = <,a,ic + P, , + P,,, .
1 .E+11 6 l.E+IO We then used the scaling factors for capital costs: a) inverse of temperature and b) 0.7 power of heat load. For a Qres of 3 x lo9 and gradient of 5 MV/m the optimum temperature varied from 1.9 K for 2860 MHz to 4.5 K for 350 MHz. For a QreE of 6 x lo9 and gradient of 10 MVlm the optimum varied from less than 1.7 K to 3.9 K.
We also calculated the optimums for operating costs using a factor of 0.85 power of heat load; this change produced negligible differences. For the high frequency cavities at low temperature the difference was less than 0.1 K. For the low frequency cavities the optimums were different by up to 1.0 K, but the minimums were so shallow that it was only a few percent in operating costs.
As we started testing production cavities in the late 80's we noticed a discontinuity in the Qo across Lambda. This discontinuity did not affect significantly the maximum 
gradient but almost doubled the power dissipation (l/Ql,) as one operated above Lambda.
higher Qll than the previous figure. The 2.2 K curve matches the 1992 curve fit using a Q,) halving gradient of 7 MVlm.
MEASUREMENTS
L a b has made three sets of measurements to study the Q0 shift across Lambda. The first set was in 1992 when we had very limited refrigeration capacity available. We needed to determine the optimum temperature to do the "Front End Test" (N. Linac). We measured seven 5 cell 1500 MHz cavities over the range of 2.0 to 2.3 K [2] .
In 1998 the second measurement was for optimizing the APT operating temperature. We built an APT 3 cell 700 MHz Beta = 0.82 cavity which due to a lack of chemistry facilities and lack of RF power was a poor performer at high gradients; at low gradients it had an excellent QO. This test had two goals: 1) to prove that there was no difference in maximum gradient between 1.9, 2.15, and 2.4 K and 2) to measure the Q0 difference between 2.15 and 2.4 K in order to determine the optimum operating temperature.
The third measurement was a JLab 7 cell 1500 MHz cavity which is a prototype for the CEBAF energy upgrade. This was measured over a range of 1.6 to 2.95 K to study its performance (Figure 1 ).
ANALYSIS
The 1992 data was analyzed and the averages plotted. Below Lambda the Qll was flat until we reach the onset of field emission, which started between 7 and 10 MV/m dependent on cavity. Above Lambda at 2.20 K the Qll shift varied as 2.5 power of gradient, halving at about 8 MV/m (Figure 2 ). At 9 MV/m the Qll leveled off due to increased heat transfer caused by severe turbulence. The JLab 7 cell 1500 MHz cavity is one of our best cavities built to date. The maximum gradient at all temperatures was limited by available RF power [3] . The 2.14 K curve is flat at 10 x 10' up to 11 MV/m; this is a 30%
The curve like the previous measurement leveled off at While the 1989 analysis used QKs values of 3 and 6 x lo', . this cavity has a Qm > 3 x i.e., it is totally dominated by Qbcp and also Kapitza resistance which increases as the temperature decreases.
The 700 MHz data suffered from the lack of a good cavity that could go to high gradients and the fact that the 2.4 and 2.7 K data was taken with stratified LHe. The cavity initially reached 8.7 MV/m with an excellent flat 1.92 K curve 
IV. OPTIMUM OPERATING TEMPERATURE
The capital cost scaling factor of heat load to the 0.7 power used in the 1989 analysis is still valid. The 1/T Carnot temperature dependence used does not reflect the refrigerator efficiency differences as a function of temperature. A 4.4 K system can achieve 30% of Carnot; for a system using cold compressors this drops sharply to 10% at about 1.5 K as shown in Figure 7 r51 . A hvbrid vacuum uumuing svstem below 2.6 K will achieve higher efficiencies; below 1.8 K it has a major impact with the main compressor operating at a few tenths of an atmosphere.
The seven cell 1500 MHz cavity at 9 MV/m has a shallow optimum at 2 K (Figure 8 ) VS. the 1.9 K calculated in 1989. For 12 and 15 MV/m there is a sharper minimum at 1.9 K. It should be noted that for mass production there will be a spread in cavity performance that will lower the average Qll, which in turn may lead to a slightly higher optimum temperature. At lower frequencies (based on very limited data) the effect is significantly smaller due to lower heat fluxes.
We had a factor of 1.4 Q(, reduction across Lambda at 4.5 MVIm. The optimum temperature for 1500 MHz is still around 2.00 K. The optimum temperature for 700 MHz is a sharp minimum at 2.15 K due to the Q shift across Lambda. This is a change from the previous optimum at 2.60 K.
Additional data is required for 700 MHz at higher gradients as well as 500 and 350 MHz.
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